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The protozoan parasite Giardia duodenalis (Giardia lamblia) is one of the most commonly found intestinal pathogens in mam-
mals, including humans. In the current study, a Giardia muris-mouse model was used to analyze cytokine transcription patterns
and histological changes in intestinal tissue at different time points during infection in C57BL/6 mice. Since earlier work re-
vealed the upregulation of peroxisome proliferator-activated receptors (PPARs) in Giardia-infected calves, a second aim was to
investigate the potential activation of PPARs in the intestines of infected mice. The most important observation in all mice was a
strong upregulation of il17a starting around 1 week postinfection. The significance of interleukin 17A (IL-17A) in orchestrating
a protective immune response was further demonstrated in an infection trial or experiment using IL-17 receptor A (IL-17RA)
knockout (KO) mice: whereas in wild-type (WT) mice, cyst secretion dropped significantly after 3 weeks of infection, the IL-
17RA KO mice were unable to clear the infection. Analysis of the intestinal response further indicated peroxisome proliferator-
activated receptor alpha (PPAR�) induction soon after the initial contact with the parasite, as characterized by the transcrip-
tional upregulation of ppara itself and several downstream target genes such as pltp and cpt1. Overall, PPAR� did not seem to
have any influence on the immune response against G. muris, since PPAR� KO animals expressed il-17a and could clear the in-
fection similar to WT controls. In conclusion, this study shows for the first time the importance of IL-17 production in the clear-
ance of a G. muris infection together with an early induction of PPAR�. The effect of the latter, however, is still unclear.

Adding up the 280 million human Giardia duodenalis infec-
tions a year to the high prevalences found in production an-

imals and companion animals (1), it is clear that this protozoan is
one of the most commonly found intestinal parasites in vertebrate
hosts worldwide. Giardia has a simple direct life cycle that starts
with the oral ingestion of infective cysts through contaminated
food or water. Once it has passed through the stomach, excysta-
tion takes place with the release of flagellated trophozoites that
rapidly colonize the mucosa of the small intestine without invad-
ing it. After the appropriate host signals, such as bile salts and a
higher pH, trophozoites will encyst and thus form the infective
cyst stage that is secreted with the feces (2).

The clinical manifestation of a G. duodenalis infection ranges
from an asymptomatic carrier state to gastrointestinal complaints,
such as diarrhea, weakness, weight loss, abdominal pain, and pos-
sibly nausea, vomiting, flatulence, and fever. Although in many
cases the infection is acute and self-limiting, a significant propor-
tion of humans will develop a chronic infection with intermittent
diarrhea and cyst excretions lasting for several weeks or even
months (3, 4). Finding the answer as to why exactly some infec-
tions remain chronic is hindered by our limited knowledge on the
in vivo immune response in natural hosts. Recently, our group
investigated the intestinal host response of calves infected with the
ruminant-specific G. duodenalis assemblage E, which is character-
ized by the chronic nature of the infection (5). Using a bovine
high-density microarray to analyze global gene transcription
combined with histological work, the acute phase of the infection
in cattle was marked by a lack of inflammation and immune cell
infiltration. An upregulation of nuclear peroxisome proliferator-
activated receptor alpha (PPAR�) and gamma (PPAR�) gene ex-

pression was observed, which considering the anti-inflammatory
potential of these receptors after activation (6), could possibly
explain the chronicity of a Giardia infection in cattle. How exactly
these receptors are activated following a Giardia infection is still
unclear. Interestingly, after being incubated with G. duodenalis for
18 h, human intestinal Caco-2 cells showed an upregulation of
PPAR�, suggesting that the same mechanism might also be active
in humans (7).

On the basis of these results, we continued to gather insights by
using a murine giardiasis model where mice are infected with their
natural parasite, Giardia muris. The life cycle and infection pro-
cess of this parasite are basically identical to those of G. duodenalis,
with the only difference being that most mouse strains are able to
clear a G. muris infection after 3 to 6 weeks of contact with the
parasite (8). Earlier work already indicated the importance of
CD4� T cells (9, 10), B cells (11, 12), and IgG and IgA antibody
production (13, 14) in the development of immunity. Work done
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on the mucosal inflammatory response in G. muris-infected mice
also suggested mast cells, mucous production, and gamma inter-
feron (IFN-�) as possible elements in the host response (15).
However, further information regarding the type of immune re-
sponse (Th1-Th2-Th17), regulatory pathways, and effector mech-
anisms involved, and finally, the dynamics of the whole immune
development process is still missing. Therefore, the aim of the
current study was to analyze cytokine transcription patterns and
histological changes in the intestinal tissue at different time points
during a G. muris infection in C57BL/6 mice, a strain that has the
ability to control a G. muris infection. In addition, in order to
further compare the responses in mice and cattle, we also investi-
gated the potential activation of PPARs in the intestines of infected
mice.

MATERIALS AND METHODS
Ethical statement. All animal experiments were conducted in accordance
with the European Union (E.U.) Animal Welfare Directives and Interna-
tional Cooperation on Harmonization of Technical Requirements for
Registration of Veterinary Medicinal Products (VICH) Guidelines for
Good Clinical Practice, and ethical approval to conduct the studies was
obtained from the Ethical Committee of the Faculty of Veterinary Medi-
cine, Ghent University (ethical committee approval numbers EC 2012/
027, EC 2013/49, EC 2012/176 and EC 2013/50) who have also approved
the study.

Mouse studies. In each trial or experiment, mice were infected orally
with 103 G. muris suspended in 0.2 ml phosphate-buffered saline (PBS).
Giardia muris cysts were obtained from M. Belosevic, University of Al-
berta, Edmonton, Canada. All mice used in the trials were bred under
similar conditions.

A total of 4 trials were executed (Table 1). Infection trial 1 consisted of
infected female C57BL/6 mice (Harlan Laboratories) and the appropriate
negative controls (five mice per group for all groups). All animals were 6
weeks old at the time of infection. In this trial, cyst counts were performed
daily, and intestinal samples were taken from the infected animals at
weeks 1, 2, and 3 postinfection (p.i.) (n � 5 at each time point).

Infection trial 2 used infected female C57BL/6 mice. Starting day 1 p.i.,
5 animals were necropsied daily until day 7 for intestinal samples. Every
day, 2 negative controls were necropsied and pooled as one group at the
end of the trial.

For infection trial 3, female interleukin 17 (IL-17) receptor A (IL-
17RA) knockout (KO) (16) mice were used. These mouse lines have been
crossed back into a C57BL/6J background for over five generations. These
animals (n � 5) were infected for 3 weeks where cyst counts were counted
daily and compared to the appropriate C57BL/6 wild-type (WT) controls
(n � 5).

The final infection trial (infection trial 4) compared the course of
infection in female PPAR� KO mice (17) (of a 10 generations backcrossed
C57BL/6N genetic background) to 5 C57BL/6 WT controls during 3
weeks of infection. To achieve this, 5 KO animals and 5 WT mice were
infected with G. muris cysts after which cyst counts were performed daily
for each animal.

Cyst counts. To monitor the course of a G. muris infection in all trials,
cyst excretion in feces was measured as described previously by Roberts-
Thomson and Mitchell (8). In summary, feces were collected from each
mouse individually over a 2-h period and weighed. Next, the stool was
homogenized with PBS and centrifuged at low speed over a 1 M sucrose
gradient. The cysts in the top layer were further washed, resuspended in 1
ml of PBS, and counted by using a hemacytometer. Cyst excretion was
then expressed as the number of cysts per gram of feces. In the PPARA KO
trial, statistical analysis was done using GraphPad Prism software. All cyst
counts from one animal were considered repeated measures, and a two-
way repeated-measures analysis of variance (ANOVA) with Bonferroni T
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posttest was used to calculate differences at every time point between the
groups.

Tissue sample collection. At necropsy, 1-cm-long fragments of the
small intestine were taken from each animal starting 4 cm from the gas-
troduodenal junction. To allow RNA extraction, the intestinal tissue was
snap-frozen in liquid nitrogen and stored at �80°C.

RNA isolation and qRT-PCR. Total RNA was isolated by adding
TRIzol (Invitrogen) to the snap-frozen tissue samples followed by an
RNA purification with the RNeasy minikit (Qiagen). Any contaminating
genomic DNA was removed with the help of the RNase-free DNase set
(Qiagen) for on-column DNase digestion. An Experion automated elec-
trophoresis system (Bio-Rad) was used to verify the quality of the isolated
RNA, while total RNA concentrations were determined using a Nano-
Drop ND-1000 spectrophotometer (NanoDrop Technologies). To obtain
the cDNA samples needed for quantitative real-time PCR (qRT-PCR), the
iScript cDNA synthesis kit was used following the manufacturer’s instruc-
tions.

All qRT-PCR analyses were carried out using the SYBR green master
mix (Applied Biosystems), with 2 �l of single-stranded cDNA (10 ng of
the input total RNA equivalent) and 500 nM amplification primer in a
reaction mixture volume of 20 �l. The primer sets for amplification of the
different genes were designed using Primer3 software (http://bioinfo.ut
.ee/primer3-0.4.0/primer3/) and are listed in Table S1 in the supplemental
material.

All qRT-PCR analyses were run on a StepOnePlus real-time PCR sys-
tem (Applied Biosciences) with the following amplification cycles: 95°C
for 20 s; 35 cycles, with 1 cycle consisting of 5 s at 95°C and 30 s at 60°C (the
optimal annealing temperature for all the genes examined). Reaction ef-
ficiencies were measured based on a standard dilution curve obtained
by serial dilutions of pooled cDNA material from all the samples. In every
assay, a nontemplate control was added, and cDNA samples were ana-
lyzed in duplicate. At the end of the reactions, melting curve analyses were
performed to ensure the specificity of the primers. The �CT method was
applied to transform the obtained threshold cycle (CT) values in relative
quantities. With this method, the following formula was used: Q �
Emin Ct � sample Ct where Q represents sample quantity relative to the sam-
ple with highest transcription, E represents amplification efficiency, min
Ct is equal to the lowest CT value, and sample Ct is the CT value of the
sample with the highest transcription level. The quantities obtained were
then normalized against internal control genes, referred to as housekeep-
ing genes (HKGs). Out of a panel of 6 candidate genes (beta actin [ACTB],
hypoxanthine phosphoribosyltransferase 1 [HPRT1], ribosomal protein
P0 [RPLP0], succinate dehydrogenase flavoprotein subunit A [SDHA],
TATA box binding protein [TBP]-associated factor [TAF2], and ubiqui-

tin-conjugating enzyme E2D2 [UBE2D2]) (18), the most stable HKGs
were selected based on the gene stability measure M calculated by the
GeNorm software (geNorm3.5) (19). The eventual gene expression nor-
malization factor for each animal sample was calculated based on the
geometric mean of the two selected HKGs. This resulted in the use of
HPRT1 and TBP as HKGs during the different trials. Gene expression was
evaluated based on fold differences in gene transcription levels compared
to the levels in negative-control animals. This was done by calculating the
ratios of individual relative quantities on the geometric means of relative
values of the control samples.

Statistical analysis was carried out using GraphPad Prism software. A
one-way ANOVA followed by a Dunn’s multiple-comparison test was
used to determine differences between the infected group and the control
group. A P value of �0.05 was considered significant.

Histology. To determine the presence of trophozoites in the small
intestine, the tissue samples were stained with hematoxylin and eosin
(H&E).

RESULTS
Analysis of the intestinal immune response in infected mice re-
veals IL-17A upregulation. In the first experiment, we analyzed
the intestinal immune response in orally G. muris-infected
C57BL/6 mice. The daily fecal cyst excretion of the individual
animals (Fig. 1) revealed an infection pattern similar to those pre-
viously described in the literature (20), with a peak number of
cysts around day 6 postinfection. Afterwards, cyst shedding rap-
idly declined until only low numbers could be found by week 3 p.i.

Next, we compared the gene transcription of a panel of cyto-
kines in infected animals to noninfected controls. A qRT-PCR
analysis revealed a transcriptional upregulation of Il-17a (Fig. 2),
starting week 1 p.i. but most striking and statistically significant at
week 3. Except for Il6 at week 1 p.i., no other cytokine showed a
significantly upregulated gene expression in infected animals
compared to negative controls. A significant downregulated tran-
scription could be seen for ifng at week 3 p.i. in infected animals
compared to controls. In addition, downregulation could be seen
for tnfa mRNA at week 1 p.i.

It is noted in the literature that the production of IL-17 in mice
usually occurs in the presence of IL-6 and transforming growth

FIG 1 Cyst excretion pattern in C57BL/6 mice. Cysts excreted were counted
daily using a sucrose density technique. Each point on the graph represents the
mean cyst output per gram of feces for five animals 	 standard error (error
bar).

FIG 2 Cytokine transcription profile in the small intestines of G. muris-in-
fected C57BL/6 mice. Transcription levels of the main cytokines were analyzed
using quantitative PCR. Mean fold changes in infected mice (n � 5) compared
to uninfected controls (dashed line) are presented, and standard errors of the
means (SEM) are shown as error bars. Values that are significantly different are
indicated by asterisks as follows: ��, P 
 0.01; �, P 
 0.05.
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factor � (TGF-�). However, these cytokines were not found to be
significantly upregulated at week 1, 2, or 3 p.i., with the exception
of Il-6 at week 1. We hypothesized that these cytokines upstream
of IL-17 may appear earlier on in the infection. We decided to
investigate this more closely and to set up a new infection trial in
which the intestinal response was analyzed daily starting day 1 p.i.
As a result, Il-6 and Tgfb1 were both found to be significantly
upregulated preceding or coinciding with the Il-17a upregulation
that started at day 6 p.i. (Fig. 3). In line with its regulatory role, the
transcription factor Rorc showed higher transcription in the in-
fected animals than in the controls at the earlier time points.

IL-17 is required for clearance of G. muris. Production of
IL-17A in the intestine has been described before as critical in host
defense against a number of infections such as extracellular bac-
teria (reviewed in reference 21). To demonstrate whether the tran-
scriptional upregulation of IL-17A is important in the immunity
against G. muris, a new infection experiment was set up in mice
deficient for IL-17 receptor A (IL-17RA) (22). After infection of
the IL-17RA KO animals and C57BL/6 wild-type controls, cumu-
lative cyst counts were significantly higher in the KO animals than
in the controls (Fig. 4A). This effect persisted throughout the
whole 3-week duration of the study, after which WT animals
were largely able to clear their infections, while high numbers
of cysts persisted in KO animals. In addition, to determine the
influence of IL-17A production on the trophozoites of G. muris
present in the gut lumen, samples were taken from the small
intestines of all animals at day 21 p.i. for further histological
examination. Hematoxylin-and-eosin staining (Fig. 4B and C)
revealed that in all WT animals, only a few trophozoites could
be found after thorough microscopic examination of the whole
slide, while a thick layer of trophozoites was still visible in the
lumen of all the IL-17RA KO mice, indicating that the observed
cyst counts are a result of the high number of trophozoites
remaining in the gut lumen under circumstances where IL-17A
is unable to execute its function.

As a first step toward unraveling the effector mechanisms
downstream of IL-17A, qRT-PCRs were performed to examine
the transcription of six antimicrobial peptides and proteins: �-de-
fensins DEFB2 and DEFB3, Reg3�, calprotectins S100A8 and
S100A9, and cathelicidin. Upregulated transcription, although
not significant, could be seen for both calprotectins S100A8 and
S100A9 at week 1 p.i. (Fig. 5). From the remaining genes analyzed,
cathelicidin was not differently expressed compared to control
animals and for the �-defensins and Reg3�, no transcripts could
be amplified or detected in any of the samples.

Peroxisome proliferator-activated receptor alpha (PPAR�)
gene transcription is upregulated early on in infection. Our pre-
vious work identified upregulated PPARA and PPARG transcrip-
tion as a possible reason for the chronicity of a G. duodenalis in-
fection in cattle, keeping in mind the anti-inflammatory
properties that are often attributed to these receptors (23). This
prompted the question whether these receptors also show a higher
gene expression in G. muris-infected mice. A qRT-PCR analysis
was used to check the transcription profile of both Pparg (gamma)
and Ppara (Fig. 6). No upregulation could be seen whatsoever for

FIG 3 Transcription profile of cytokines in the small intestines of G. muris-infected C57BL/6 mice during the first days postinfection. The transcription profile
of cytokines was analyzed starting day 1 p.i. up to day 7 p.i. Mean fold changes in infected mice (n � 5) compared to uninfected controls are presented, and SEM
are shown as error bars. Values that are significantly different are indicated by asterisks as follows: ��, P 
 0.01; �, P 
 0.05.

FIG 4 Cyst secretion and presence of trophozoites in G. muris-infected
IL17RA KO animals and wild-type controls. To analyze the effect of the ob-
served il17a upregulation, an infection trial was set up comparing IL17RA KO
animals to infected wild-type controls. (A) Mean cumulative cyst output per
gram of feces (CPG) for five animals. Each symbol represents the value for an
individual mouse. The means 	 standard errors for the animals in the two
groups are indicated by the horizontal black line and error bars, respectively.
The values for WT and IL17RA KO mice were significantly different (P 
 0.01)
as indicated by the asterisks. (B and C) HE staining illustrate the lack of tro-
phozoites in the intestinal lumen of wild-type controls at week 3 p.i. (B), while
high numbers of trophozoites were still visible in the intestinal lumen of the
KO animals (C).
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pparg. Concerning Ppara, C57BL/6 mice showed upregulation
bordering the 2-fold threshold at week 1 p.i. and over 2-fold at
weeks 2 and 3, although not statistically significant.

Additional qRT-PCR analyses of Ppara were done on the in-
testinal samples collected daily starting day 1 p.i. up until day 7 p.i.
This indicated a transcriptional upregulation of Ppara from day 1
p.i. onwards in the infected animals compared to the negative
controls (Fig. 7). To investigate whether the upregulation of Ppara
expression also results in a functional PPAR� activation, three
genes (pyruvate dehydrogenase kinase, isozyme 4 [Pdk4]; carni-
tine palmitoyltransferase 1a [Cpt1]; and phospholipid transfer
protein [pltp]) that are known downstream targets of PPAR� (24)
(typically measured in liver samples) were included in the qRT-
PCR analysis. Again, upregulation was observed for two of the
downstream target genes, with a significant upregulation of pdk4
and pltp mRNA levels starting day 1 p.i., suggesting that the ob-
served Ppara upregulation could indeed be linked to a functional
PPAR� activation.

PPAR� does not influence immune development against G.
muris. To further unravel the influence of PPAR� on G. muris
infection, we compared the time course of infection between WT
and PPAR� KO C57BL/6 mice by counting the cysts excreted by
mice in both groups. To achieve this, cysts were counted daily
starting day 5 p.i. up to week 3 p.i. Overall, no clear difference
could be seen in the amount and duration of cyst excretion apart
from day 5 p.i., when cyst excretion in the KO animals was higher
than what was seen in the control mice (Fig. 8A) and the opposite
effect on days 7 and 8 p.i., although the difference was statistically
significant only for day 8. To investigate whether cyst excretion
occurred earlier than day 5 p.i. in the PPAR� KO mice, a second
experiment was performed in which cyst excretion was measured
daily starting from day 1 p.i. until day 7 p.i. The results of this
experiment are shown in Fig. 8B. As in the first experiment, cyst
excretion was detectable from day 5 p.i. onwards in the PPAR�
KO mice, whereas cyst excretion in the WT animals started from
day 6 p.i. onwards. On day 7, however, no more difference could
be seen between the groups. Quantitative RT-PCR analyses in

both the WT and KO mice revealed that after deletion of PPAR�,
il17a transcription was still significantly upregulated at weeks 1
and 3 p.i. in KO mice compared to uninfected negative controls.
The WT animals that were included in this study again showed the
upregulated expression of Il-17A that was observed in the earlier
trials at both week 1 and statistically significant at week 3 p.i. with
fold changes of 7 and 11, respectively, compared to WT negative
controls (data not shown).

DISCUSSION

In this study, the general intestinal immune response in mice fol-
lowing a G. muris infection was investigated. The most prominent
finding was the induction of IL-17A following infection, as mea-
sured by transcript levels by qRT-PCR. The highest transcrip-
tional upregulation was repeatedly observed at week 3 postinfec-
tion. Although some variation was observed between the different
experiments, the data indicated that IL-17A induction occurred
from approximately 1 week p.i. onwards. In addition, when the
functioning of this cytokine was impaired by deletion of IL-17RA,
infected animals could no longer dispose of the parasite. In the
absence of littermate IL-17RA�/� control mice, infection levels in
the IL-17RA KO mice were compared to wild-type C57BL/6 mice.
Although mice from different litters potentially have a different
gut microbiome, it is unlikely that this is causing the lack of im-
mune development in the IL-17RA KO mice. Analysis of cyst se-
cretions in WT C57BL/6 mice from different origins and in
BALB/c mice all showed a similar pattern, with the infection al-
most disappearing at 3 weeks p.i. (results not shown), which is
totally different from the pattern observed in the IL-17RA KO
mice.

To our knowledge, this is the first time that IL-17 production in
the intestine is related to a protective immune response during a
G. muris infection. Earlier work using the G. muris model did
identify CD4� T cells as important elements in the clearance of the
parasite, shown by the development of prolonged infections in
nude mice (9) and mice depleted of T helper cells (10). Since these
cells were not further characterized, the possibility remains that
these were CD4� Th17 cells. Interestingly, when looking at G.
duodenalis, an earlier study reported elevated production of IL-17

FIG 5 Transcription profile of antimicrobial proteins in the small intestines of
G. muris-infected C57BL/6 mice. Transcription levels of antimicrobial pro-
teins were analyzed using quantitative PCR. Mean fold changes in infected
mice (n � 5) compared to uninfected controls are presented, and SEM are
shown as error bars.

FIG 6 Transcription profile of peroxisome proliferator-activated receptors
PPAR� and PPAR� in small intestines of G. muris-infected C57BL/6 mice.
Transcription levels of PPAR� and PPAR� were analyzed using quantitative
PCR. Mean fold changes in infected mice (n � 5) compared to uninfected
controls are presented, and SEM are shown as error bars.
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in murine spleen and mesenteric lymph node cells in response to
G. duodenalis extract (25), suggesting that an IL-17 response could
be a typical anti-Giardia response in mice. In addition, cattle in-
fected with G. duodenalis showed systemic IL-17 production after
approximately 7 to 9 weeks of infection (26), at a time when pro-
tective immunity develops. Importantly, it should be noted that
IL-17RA not only functions as a receptor for IL-17A but is also
important for IL-17E and IL-17F signaling. The latter two cyto-
kines, however, never showed upregulated transcription in in-
fected mice compared to the controls.

Interleukin 17 is a cytokine that can be produced by cells that
are part of both the innate and adaptive immune systems. In the
mouse gut, high numbers of CD4� Th17 cells are already present
at steady state. Differentiation of the Th17 cells is directed by
retinoic acid-related orphan receptor ROR�T and driven by the
cytokines IL-6 and TGF-� (27), all of which were found to have
higher gene expression early on in the infection of C57BL/6 mice.
In addition, work done by Bienz et al. (28) and Zhou et al. (29) has
revealed that IL-6 plays an important role in controlling acute G.
duodenalis infections in mice. However, conventional Th17 cells
are not the only cells in the intestine capable of IL-17A produc-
tion. In the gut, ROR�T� �� T cells are an innate source of IL-17
and can be directly activated by Toll-like receptors (TLRs) (27).
Other possible ROR�T� sources of IL-17 include CD8� �� T
cells, invariant natural killer cells, lymphoid tissue inducer (LTi),
and LTi-like cells. Finally, mast cells, macrophages, and paneth
cells can also be cellular sources of IL-17A (reviewed in reference
30). Since immunohistological staining for IL-17A performed on
the intestinal tissue samples in this study was not successful, fur-
ther research is needed to identify the cellular source of IL-17A
following G. muris infections, for example by infecting ROR�T-
green fluorescent protein (GFP)-expressing mice with G. muris
and subsequently identifying the cellular source by flow cytom-
etry.

The role of IL-17 in the intestine has been described as dual, as

FIG 7 Transcription profile of PPAR� and the main downstream target genes in the small intestines of G. muris-infected C57BL/6 mice during the first days
postinfection. The transcription profile of PPAR� and the main downstream target genes was analyzed starting day 1 p.i. up to day 7 p.i. Mean fold changes in
infected mice (n � 5) compared to uninfected controls are presented, and SEM are shown as error bars. Values that are significantly different are indicated by
asterisks as follows: ��, P 
 0.01; �, P 
 0.05.

FIG 8 Comparison of infected PPAR� KO mice and WT controls. (A) Cyst
counts of the first trial where counting started at day 5 p.i.; (B) results of the
second trial where counting was done daily starting day 1 p.i. until day 7 p.i.
Each point on the graph represents the mean cyst output per gram of feces for
5 animals 	 standard error.

Dreesen et al.

3338 iai.asm.org Infection and Immunity

http://iai.asm.org


it can work in both a protective and pathological manner. The way
it serves as an effector cytokine during the clearance of a G. muris
infection still needs to be examined further. A possible explana-
tion is the stimulation of mucin and defensin production by IL-17
(31, 32), both of which were earlier described as candidate defense
mechanisms during G. duodenalis infection (reviewed in reference
33). In our study, however, no significant changes could be ob-
served in the levels of expression of six antimicrobial peptides and
proteins that are under the control of IL-17A (i.e., �-defensins,
Reg3�, cathelicidin, and calprotectin), suggesting that other fac-
tors are likely in play.

The levels of expression of PPAR� and PPAR� in infected mice
were also measured in this study, based on earlier work in calves.
As mentioned before, the PPARs can exert a suppressive effect on
the immune response. We previously hypothesized that this effect
might cause a chronic infection in calves infected with G. duode-
nalis, since a lack of immune response was seen together with an
upregulated gene expression of PPAR� and PPAR� in these ani-
mals. The qRT-PCR analysis showed that PPAR� mRNA, but not
PPAR� mRNA, was indeed upregulated in infected mice as soon
as day 1 p.i. The exact mechanism by which PPAR� is induced and
activated during an infection is still unclear, since a variety of
ligands produced by the host or the parasite could be responsible
(discussed in reference 5).

The outcome of the PPAR� KO experiment indicated that
PPAR� did not exert any influence on the duration of an infec-
tion, since the KO animals were able to clear the infection after
approximately 3 weeks, similar to the WT mice. Furthermore, cyst
secretion during this 3-week period was not majorly affected by
the absence of PPAR�, although higher cyst excretion was repeat-
edly observed on day 5 p.i. in the KO animals compared to WT
mice. How PPAR� might influence cyst production early in the
infection is still unclear, but it is possible that the levels of choles-
terol, bile acids, and bile salts in the intestinal lumen have a role in
this. All these factors have shown to influence Giardia encystation
(34) and can be under the control of PPAR� (35).

Whether PPAR� activation has any influence on the kinetics of
the IL-17A response early in infection is still unclear, but it is
interesting to note that the IL-17A production starts only when
the PPAR� activation is largely over. However, the deletion of
PPAR� does not seem to have a great effect on IL-17A expression,
considering that il17a still showed upregulated expression in
PPAR� KO animals. Further research is needed to unravel the
potential regulatory role of PPAR� in the IL-17 response.

In contrast to PPAR�, the suppressive effect of PPAR� on Th17
responses has already been reported in several studies (36–38).
Furthermore, earlier work in G. duodenalis-infected cattle re-
vealed upregulation of PPAR� together with significant down-
regulation of IL-17A. Since no upregulated PPAR� expression was
observed in G. muris-infected mice, it would be interesting to
adopt a reverse strategy by inducing and activating PPAR� in mice
and subsequently monitor possible effects on G. muris and im-
mune development. Unfortunately, initial experiments with ago-
nists failed to upregulate pparg transcription in the intestines of
mice (results not shown).

In summary, this study revealed an early induction of PPAR�
followed by a protective IL-17A response in the intestines of G.
muris-infected mice. Further research is now needed to further
elucidate the cells and mechanisms involved in the induction and
regulatory functions of both PPAR� and IL-17A.
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